have been increasingly advised to take advantage of emerging technologies based on soil moisture sensing to help them determine the appropriate timing and amount of irrigation (Irmak et al., 2010) . It is critical to deploy properly calibrated soil moisture sensors in practice. Although sensors may be tested by manufacturers in laboratory settings before they are released to the market, in many cases the effectiveness of such tests is limited by specific laboratory configurations and soil types as well as calibration quality and/or procedures. Sensors may differ in performance under conditions specific to different local measurement locations due to a number of environmental factors. For example, clay content, soil temperature, texture, salinity, air gap between the soil and the sensor, porosity, and bulk density can exert different levels of influence on the sensor performance (Annan, 1977; Knight, 1992; Robinson and Dean, 1993; White et al., 1994; Paltineanu and Starr, 1997; Wraith and Or, 1999; Gong et al., 2003; Irmak and Irmak, 2005) .
, indicating the best performance among all sensors investigated. The performance ranking of the other sensors from high performance to low was: TDR300 (High Clay Mode), CS616 (H) and 10HS, SM150, TDR300 (Standard Mode), and CS616 (V) (H: horizontal installation and V: vertical installation). In the loamy sand, the CS616 (H) performed best

normal soil temperatures differed significantly between the soils. All sensors underestimated  v in high temperature range in both soils. The ranking order of the magnitude of change in  v in response to 1°C increase in soil temperature (from the lowest to the greatest impact of soil temperature on sensor performance) in silt loam soil was: SM150, 5TE, TDR300 (S), 10HS, CS620, CS616 (H), and CS616 (V). The ranking order from lower to higher sensitivity to soil temperature changes in loamy sand was: 10HS, CS616 (H), 5TE, CS616 (V), SM150, and TDR300 (S)
Keywords. Capacitance, Frequency-domain reflectometry, Soil moisture, Time-domain reflectometry. ffective irrigation scheduling requires understanding of the dynamics of soil-water storage in the plant root-zone and soil-water availability and use by plants, which relies on the accurate measurement of soil moisture. Methods used for quantifying soil-water include gravimetric method, time domain reflectometry, ground penetrating radar, capacitance, radar scatterometry or active or passive microwaves, electromagnetic induction, neutron thermalization, nuclear magnetic resonance, gamma ray attenuation, resistive sensors, tensiometry, hygrometric techniques, remote sensing, and optical methods. The performance of each method can vary with the soil textural, chemical, and physical properties, soil temperature, and soil moisture range in which they are operated (Irmak and Irmak, 2005) . Over the past few decades, growers and their advisors in the United States and in other areas of the world have been increasingly advised to take advantage of emerging technologies based on soil moisture sensing to help them determine the appropriate timing and amount of irrigation (Irmak et al., 2010) . It is critical to deploy properly calibrated soil moisture sensors in practice. Although sensors may be tested by manufacturers in laboratory settings before they are released to the market, in many cases the effectiveness of such tests is limited by specific laboratory configurations and soil types as well as calibration quality and/or procedures. Sensors may differ in performance under conditions specific to different local measurement locations due to a number of environmental factors. For example, clay content, soil temperature, texture, salinity, air gap between the soil and the sensor, porosity, and bulk density can exert different levels of influence on the sensor performance (Annan, 1977; Knight, 1992; Robinson and Dean, 1993; White et al., 1994; Paltineanu and Starr, 1997; Wraith and Or, 1999; Gong et al., 2003; Irmak and Irmak, 2005) .
Numerous sensor performance and performanceinfluencing factors experiments have been conducted under laboratory and field conditions (Leib et al., 2003; Plauborg et al., 2005; Chandler et al., 2004; Ojo et al., 2014 Ojo et al., , 2015 Miller et al., 2014; Soulis et al., 2015; Visconti et al., 2014; Jabro et al., 2017; Kargas et al., 2019) . Vaz et al. (2013) evaluated eight commercially available electromagnetic water content sensors (TDR100, CS616, Theta Probe, Hydra Probe, SM300, Wet2, 5TE, 10HS) in soils, ranging from sand to clay, including an organic soil. They observed that the factory-supplied calibration relationships for groups of mineral and organic soils in general performed well, but also substantial inconsistences were identified. Soil-specific calibrations resulted in accuracies of 0.015 m for TDR100, CS616, Wet2, 5TE, and the Hydra Probe. Evett and Steiner (1995) determined the relative precision of two brands of neutron scattering gauges (three gauges of each) and a brand of capacitance sensors (four sensors) in a field calibration under loamy fine sand and sandy clay loam soils. Both brands of neutron scattering gauges were calibrated against volumetric soil-water content ( v . These results were reproducible among four capacitance sensors. They concluded that the capacitance probe had limited precision under their research conditions, while more accurate results corroborated with neutron scattering gauges illustrated the effectiveness of this technique for calibrating other sensors. Irmak and Irmak (2005) calibrated and evaluated frequency-domain reflectometry (FDR), capacitance and pseudo-transit time (PTT)-based probes in four coarsetextured soils in large lysimeters and concluded that CS615-FDR-measured  v values were closest to those measured by gravimetric soil sampling. The TRIME-PTT probe estimates were significantly (P<0.05) different than the measured values for all soils. The PR1 capacitance type probe had the least accurate results and overestimated in all ranges of  v .
SOIL TEMPERATURE EFFECT ON SENSOR PERFORMANCE
Many of the soil moisture sensing technologies measure  v indirectly by using dielectric properties, electrical resistance, amount of hydrogen, or the reflectance properties of the soil, all of which are influenced, by varying degrees, by the amount of water in the soil. The soil dielectric property [which is the basis for FDR and TDR-based sensors (Topp et al., 1980; Fellner-Feldegg, 1969; Davis and Chudobiak, 1975; Dalton et al., 1984; Dalton, 1992) ] measurements can be influenced by environmental factors other than water content (Gong et al., 2003) . It has been shown that the soil temperature variation can affect soil dielectric properties (Pepin et al., 1995; Wraith and Or, 1999) , which may influence the performance of TDR or FDR-type sensors. Thus, investigating the effect(s) of soil temperature on sensor performance is critical to identify sensor performance-influencing factors and their magnitudes, which can be used to enhance sensor design, engineering, circuits, etc. and provide guidance in terms of a sensor's operational limits under certain conditions. Furthermore, since different soil moisture sensors have different engineering designs, circuits, and technology that handle soil temperature and/or soil thermal conductivity vs. dielectric properties and  v relationships differently, different soil moisture sensors may be influenced differently in measuring  v of the same soil medium.
Very limited number of studies investigated the soil temperature effect(s) on different soil properties that, in turn, influence sensor response to changes in  v through field and laboratory research and modeling Baumhardt et al., 2000; Western and Seyfried, 2005; ; Saito et al., 2009) . Pepin et al. (1995) investigated the TDR measurement errors of the apparent dielectric constant of distilled water and different soils (sand, loam, and peat) associated with soil temperature variations. In all cases, they found that the apparent dielectric constant decreased with increasing temperatures. The temperature dependence of the dielectric constant of water in a soil matrix was lower than that of bulk water, which was more pronounced for finetextured and organic soils than for loamy soil. They also observed that with higher  v in the same soil, the temperature effect on the dielectric constant was more pronounced. In examining the interactions between soil surface area,  v , and soil temperature, Wraith and Or (1999) found that finer soils and/or soils with lower  v favored an increase in bulk dielectric constant with increasing temperature, and that coarse-textured soils and/or soils with high  v favored a decrease in bulk dielectric constant under the same temperature conditions. This observation can be explained through the competing effects of temperature on bulk dielectric constant of soil-water. The dielectric constant of bulk soil-water decreases with increased soil temperature, while that of bound water is presumed to increase with temperature. Hence, the relative proportions of bulk vs. bound water controls the aggregated temperature response for a given combination of soil and soil-water. Seyfried and Murdock (2001) suspended six water content reflectometers (WCR) simultaneously in air and subjected them to temperature changes from -5C to 45C to investigate the response of the sensor electronics to temperature changes independent of potential soil medium effects. Temperature had a minor effect on the sensor response in air. However, when the sensors are installed in the soil, the sensor response was significantly affected by the temperature and this effect increased in absolute value with the  v . In addition, the effect of temperature on sensor response was significantly different for different soils tested. Persson and Berndtsson (1998) quantified temperature dependence of the apparent dielectric constant and electrical conductivity in wet soils by using an automated TDR system in sandy, clay, and organic soils. They confirmed the findings of Pepin et al. (1995) that change in apparent dielectric constant with temperature was lower in fine-textured soils and also found that a high concentration of electrolytes (high EC) in combination with fine-textured soils can lead to positive temperature dependence (i.e.,  v increases with increase in temperature). They also showed that the temperature effect on bulk electrical conductivity was independent of soil texture; and if high accuracy for  v measurement is needed, the temperature dependence of electrical conductivity needs to be measured specifically.
The aforementioned sensor performance studies indicate that the same soil moisture sensor can perform differently in different soil-water environments, which require calibration for local soil conditions to establish and/or enhance the accuracy of  v measurements. Also, because soil moisture sensors are evolving rapidly with newer sensors or the same type of sensors that have improved or different engineering features continually being released to the market, scientific evaluations of sensors in different soil types are justified to provide information to the users that can be useful in practical applications. Even if most of the sensors can be categorized as TDR-or FDR-type sensors, the engineering design, circuitry, and other manufacturing features can change significantly from one sensor to another even under the same category. For example, two FDR-type sensors that are made by different manufacturers may perform differently and the known performance of one FDR-type sensor may not be applicable to another FDRtype sensor that was designed and manufactured by a different company. This alone is an important justification to continue to evaluate soil moisture sensors under different soil conditions. Also, a single study may not be able to investigate all soil moisture sensors that are available in the market in all soil types. Thus, a collection of numerous studies that investigate and quantify the performance of various types of sensors in different soil textures can provide a unique database and information that can collectively form a rich source that can provide invaluable guidance and information to the users in practical applications. Furthermore, research projects that evaluate the performance of the same sensor with different installation angle or orientation in the soil are rare. Finally, the effect of soil temperature on different soil moisture sensors' response can be considerably or significantly different for different soils, which justifies the need for investigating the response of different soil moisture sensors to soil temperature. The objectives of this research were to: (i) quantify the performance of various TDR-and FDRtype soil moisture sensors in two different soils with substantially different soil properties (saturated hydraulic conductivity, particle size distribution, water holding capacity, etc.) and develop calibration parameters that can be used in similar soil textures, (ii) investigate/quantify the soil temperature influence on sensor performance in different  v ranges in two soil types, and (iii) quantify the repeatability of the sensor performance. The null hypothesis of the research was that the sensor-measured and neutron probe-measured  v values are not different and that soil temperature does not influence the sensor performance when measuring  v . T Devices, 2013 T Devices, , 2014 ], which essentially has the same operational principles as capacitance probes. The TDR300 sensor takes readings in two different modes based on the clay content of the soil. The user has two options: (i) if the soil medium does not have high clay content (i.e., <27%), then the TDR300 Standard Mode should be selected for the measurements; (ii) if the soil has more than 27% clay content, then the user should select TDR300 High Clay Mode. Both modes have internal calibration equations embedded into the TDR300 memory. In this research, the performance of the TDR300 sensor was measured for both modes. The performance of all sensors was evaluated against a calibrated neutron attenuation probe Troxler ® model 4302 Depth Moisture Gauge (Research Triangle Park, N.C.) in each soil. Some of the characteristics of soil moisture sensors evaluated are presented in table 1. In each soil lysimeter, only one sensor of each sensor type was used for time-series data collection, which results in a single-domain data collection (e.g., no replication of a given sensor type), which could present a shortcoming in statistical analyses. However, this is a common process in these types of experiments and it is a very difficult task to utilize multiple (three or more) sensors of the same type of sensors to generate time series data in the same soil from the multiple same type of sensors to analyze the replicated (multi-domain)  v data and analyze the standard deviation. This is especially very difficult in laboratory experiments. Nevertheless, the time series data from a given type of sensor in different soil types can still provide invaluable and valid performance data. In this research, while only one sensor was used for a given sensor type, the wetting-drying cycle experiments were repeated twice to increase the amount of time series and repeated data measured using each type of sensor and to quantify and evaluate the repeatability of the measurements for each sensor. The  v measurements from all sensors were taken on an hourly basis. The neutron probe measurements were taken manually on selected days. The sensor  v outputs were correlated to the neutron probe-measured  v on the days and times when the neutron probe measurements were taken.
MATERIALS AND METHODS
EXPERIMENTAL SETUP AND SOIL TYPES
Two different soil (silt loam and loamy sand) taken from production fields near Clay Center and Central City, Nebraska, respectively, were used in the research. The loamy sand soil obtained from Central City is deep, moderately well-drained, and moderately permeable soil with 0-2% slope. The soil obtained from Clay Center is a Hastings silt loam, which is a well-drained upland soil (fine, montmorillonitic, mesic Udic Argiustoll) with 0-1% slope. . Some of the laboratory-measured chemical, physical, and hydraulic properties for both soils (from soil samples obtained from both soil lysimeters) are presented in table 2.
The experimental setup and procedures used in this research were based on procedures presented in Irmak and Haman (2001) and Irmak and Irmak (2005) . Soil drying cycle experiments were conducted in a greenhouse research facility. Two cylindrical poly lysimeters 1.6 m deep and 0.71 m in diameter were constructed and used ( fig. 1) . A drainage porous pipe in a circular shape was placed at the bottom of the lysimeters and connected to a drainage/outlet pipe to drain the excess soil water. The outlet pipe was fitted with a control valve for controlling drainage out of the lysimeter when/if needed. At the bottom of the lysimeters a 17.5 cm thick gravel layer was established above the porous pipe. Above the gravel, a 7.5 cm thick silica sand (play sand) layer was established. The gravel and sand layers at the lysimeter bed decreased the total water potential so that the soil-water would drain freely from the bottom of the soil to the drainage pipe (Irmak and Irmak, 2005) . Soils obtained from the fields at Clay Center and Central City were added to each lysimeter in small increments in the same order that the soil layers were removed from the field and packed. A tamp was used to pack down the soil every 15 cm to ensure the bulk density of the lysimeter soil was close to that of the natural soil under field conditions. One aluminum neutron attenuation probe access tube was installed in the center of each lysimeter to measure  v and used as the reference for other soil moisture sensors.
SOIL MOISTURE SENSOR INSTALLATION AND MEASUREMENTS
Soil moisture measurements were taken during two drying cycles for each soil. In addition to performance analyses and developing calibration equations, the primary objective for conducting two drying cycle experiments with each sensor and soil was to evaluate the repeatability of the sensor performance. Sensors were installed at 20-30 cm depth from the soil surface. All sensors were installed vertically, except for the CS616 sensors for which horizontal and vertical installations were made for a pair of CS616 sensors in each lysimeter and the performance of the vertical and horizontal installations were measured separately in each soil. Because of possible electromagnetic interference among the sensors, adequate distance between the sensors was maintained based on the sensing volume (area of influence) of each sensor. In the horizontal installation of the CS616 sensor, the sensor head remained outside of the lysimeter and only sensor rods were inserted into the lysimeter horizontally (Irmak and Irmak, 2005; Irmak and Haman, 2001 ). The CS616 sensor head does not have any parts that actually measure  v as it only houses the electronics/circuits. Even though the lysimeters are not made of steel or aluminum and the lysimeter wall was 3 mm thick; the sensor rod that was inserted horizontally was protected with 3 mm thick rubber seals that were placed around the sensor rods where it was in contact with the lysimeter wall to prevent any potential for the sensor rods to be in contact/interference with the lysimeter wall as an additional precaution. After all of the sensors and the neutron probe access tubes were installed, a drip irrigation tube was installed on the soil surface in a cylindrical orientation that covered the soil surface to ensure uniform water application and soil wetting. The procedures for the two wetting-drying cycles were essentially the same. Soil lysimeters were wetted to their near-saturation points (49% vol for silt loam soil and 42% vol for loamy sand) and the wetting cycle was repeated two to three times for each soil to ensure uniform wetting before data collection began. The measurements with all sensors were taken as the soils in both lysimeters were naturally drying down to low moisture contents near permanent wilting points (13% vol for silt loam soil and 5% vol for loamy sand soil). Since the neutron probe was used as a reference for performance evaluations for all other soil moisture sensors, it is critical to obtain calibration curves for this method to assess the accuracy of the neutron probe itself. The calibration curves for the neutron probe that was used in this research were developed for both soils using a gravimetric method (figs. 2a and 2b).
Figures 2a and 2b represent the gravimetric methoddetermined volumetric soil-water content (Y-axis) and neutron-probe measured volumetric soil-water content (Xaxis) (factory calibration water content values).
SOIL TEMPERATURE EFFECT ON SENSOR PERFORMANCE
After completing the experiments (cycles) I and II for soil moisture sensor performance analysis, additional experiments were carried out to quantify the impact of soil temperature on soil moisture sensor performance. Eight soil temperature sensors (Model 200TS, Irrometer, Co., Riverside, Calif.), which consist of a precision thermistor with a high resolution (±0.2°C), encased in epoxy potting compound for direct burial applications, and a resistive device that have fast response to changes in temperature were installed vertically at the same depth as the soil moisture sensors in a circular pattern to continuously monitor soil temperature as well as its spatial distribution in the soil in each lysimeter. The soil temperature sensor has dimensions of 1.2 cm in diameter and 5.7 cm in length with a maximum operating temperature of 150°C. The temperature sensors were connected to the Watermark Monitor datalogger (Model 900M, Irrometer, Co., Riverside, Calif.) to record the data on an hourly basis. To analyze the soil temperature effect on sensor performance, three heat lamps per lysimeter were installed on the soil surface. Heat lamps were installed approximately 20 cm above the soil surface to ensure that the sensor's aboveground components were not directly heated and affected by the lamps. Furthermore, as an additional precaution, any aboveground sensor components were covered with aluminum foil to avoid any potential heat damage to the sensor components. Thus, during this process, only the soil medium was heated up to a specified temperature.  v measurements were taken during the normal (around 24°C) and above normal (heating period during which the soil temperature increased from the normal value up to 46°C -47°C) temperature range. Increase in soil temperature vs. sensor-measured  v response were measured and compared to the neutron probe-measured  v , which is not impacted by soil temperature. The performance of each sensor in measuring  v under high temperature conditions (temperatures above 24C during the heating period) was analyzed and comparisons were made with respect to their performances under normal temperature conditions (temperatures below 24°C, or when the soils are not being heated).
STATISTICAL ANALYSES
The sensor performance analyses in terms of accuracy in measuring  v were conducted using the manufacturers' factory calibration parameters. The soil-specific calibration equations and regression (calibration) parameters (slope and intercept) were measured for each sensor in both soils using the neutron probe-measured  v data as the reference. The t-test, RMSE, and coefficient of determination (R 2 ) were used to evaluate sensor performance relative to neutron probe-measured  v data. The null hypothesis was that the mean difference between the sensor-measured and neutron probe-measured  v is zero (μ = 0). Any potential statistical significant differences between any sensor and the neutron probe-measured  v data were identified at the 5% significance level. The RMSE was calculated as:
where M i is the reading from the sensors, E i is the corresponding calibrated neutron probe  v value, and n is the number of observations.
RESULTS AND DISCUSSION
TEMPORAL TRENDS IN SOIL WATER CONTENT
Temporal trends and magnitudes of measured  v by all sensors are presented in figures 3a and 3b. Large discrepancies were observed in sensor performance with respect to neutron probe measurements due to performance differences among the sensors, as well as differences in measurement radius (area of influence). During the first drying cycle in the silt loam soil ( fig. 3a) , the initial  v readings from all sensors differed (some of them substantially) from the neutron probe-measured  v they generally followed a decreasing trend as the soil-water evaporated. Also, large differences were observed between sensor-measured and neutron probe-measured  v on the same day due to poor performance of some of the sensors. Some sensors exhibited increased  v values after exhibiting gradually decreasing trends even through no water was added to the lysimeters after the drying cycle began and there was no upward water flux. This phenomenon could be attributed to the error (noise) of the individual sensors. The neutron probe-measured  v was the lowest, ranging from 0.42 to 0. about 16 cm, which surpasses the measurement radius of all other sensors. Thus, during the early stages of the experiment when the soil was near-saturation, in both soils (figs. 3a and 3b), readings from most of the sensors were much higher than neutron probe readings during the early stages of the experiment; however, at the following stage, when some of the soil-water had evaporated and some of the soil water had moved downward due to potential gradient, the overall  v decreased at 20 to 30 cm depth, which resulted in the extended measurement radius of the neutron probe. The neutron probe's radius of influence increases with drying soils due to less hydrogen (in water molecules) that collide with the neutrons. In this case, the neutron probe averages the  v in a relatively larger radius (e.g., 20 cm), thus producing lower readings, while the other sensors have smaller measurement volume, and the soil in this volume was further from the soil surface and less effected by evaporation, resulting in higher readings by the other sensors. Nevertheless, most of the bounced neutrons from the hydrogen atoms in the soil-water molecules captured by the neutron probe should be within the 16 cm radius (or less) due to moist conditions, which makes the effective measurement volume of the neutron probe relatively closer to the other sensors' measurement volume. Temporal distributions of  v in the loamy sand are presented in figure  3b . The difference between figure 3a and 3b is that the readings from different sensors are closer to each other than those observed in the silt loam soil, although some large differences in sensor performance were still observed. The readings from the neutron probe were not the lowest, because the water holding capacity for loamy sand was not as high as that of silt loam. Thus, the water infiltrates in vertical direction more quickly in loamy sand than in silt loam, thus water is distributed uniformly in a short time and that the neutron probe readings would be closer to the readings by other sensors.
SOIL MOISTURE SENSOR PERFORMANCE EXPERIMENT (CYCLE) I
To more closely evaluate the sensor performance in different  v ranges, soil-water range was divided into high and low  v ranges in both soils in both cycles. The division point was the trigger point for irrigation (usually suggested at 35-45% of available water holding capacity), which were 21.5 m , three other sensors [10HS, CS616 (H) and TDR300 (High Clay)] exhibited better performance and 10HS had the best performance. Based on the pooled data RMSE, the 5TE performed the best in the silt loam soil in experiment I. In the loamy sand, CS616 (H) had the best performance in both low and high  v ranges and the 5TE had the second-best performance among all sensors. All sensors (except 10HS) performed better in loamy sand than in silt loam based on the RMSE and R 2 values.
SOIL MOISTURE SENSOR PERFORMANCE EXPERIMENT (CYCLE) II
Sensor performance results from all sensors in both soils in experiment (cycle) II are presented in figure 4 (a through n) and the performance statistics are presented in table 4. When considering the pooled t-test values, the overall performance of all sensors was significantly different (P<0.05) from the neutron probe measurements. When comparing RMSE values in table 4 with those observed from experiment I, all sensors had better performances in experiment II. In the silt loam and high  v conditions, the CS616 (H) sensor had the lowest RMSE and the CS620 sensor had the highest value. In silt loam soil and low  v range, the performance of the CS616 (H) sensor was also the best. In contrast, the overall performance of 5TE was the best in silt loam in experiment I. In the loamy sand, CS616 (H) had the best performance in the high  v range and the CS616 (V) sensor had the best performance in the low  v range. Overall, CS616 (V) performed the best in the loamy sand; however, in experiment I, CS616 (H) had the best performance. Overall, in experiment II, SM150, 5TE, and CS616 (H) performed better in silt loam soil based on the pooled RMSE values while the rest of the sensors performed better in the loamy sand.
POOLED DATA FROM EXPERIMENTS I AND II
Sensor performance results of all sensors in both soils based on pooled data from experiments (cycles) I and II are presented in figure 4 (a through n) and the performance statistics are presented in . Overall, the performance of 5TE was the best in silt loam soil while TDR300 (High Clay), CS616 (H), and 10HS were ranked as second, third, and fourth best overall.
In the loamy sand, CS616 (H) had the best performance in both high and low  v with a low pooled RMSE of 0.014 m 3 /m 3 . When comparing the performance of individual sensors between different  v ranges in both soils, the performance of all the sensors was better in the high  v range than in the low  v range. When comparing the performance of TDR300 (Standard) and TDR300 (High Clay) in silt loam soil, the TDR300 (High Clay) performed better in silt loam soil under our experimental conditions, although the manufacturer suggests that High Clay mode would provide more accurate results for soils with high clay content (i.e., >27%). The Hastings silt loam soil that was used in the experiments had 17% clay content, indicating the importance of soil-specific calibration of sensors for accurate quantification of  v .
REPEATABILITY OF SENSOR PERFORMANCE
One of the important advantages of conducting two experiments using the same procedures and sensors in the same environment is that the repeatability of sensor performance can be determined. One of the significant observations with all sensors was that all sensors responded to changes in soil moisture linearly, which indicate that the calibration equations measured in these experiments can be used to calibrate the sensors evaluated to increase their accuracy in same soils used in these experiments. However, the linearity or repeatability of some of the sensors showed variations between the soils and the repeatability also showed variations for the same sensor in the same soil between the experiments (comparing experiment I and II results in fig. 4 ). Repeatability was evaluated based on the distribution of the data around 1:1 line and the consistency of the direction of over-or underestimation between the experiments. For example, SM150 performed better in experiment II in silt loam soil with lower RMSE ( fig. 4a ) and had poor repeatability; however, it had good repeatability in loamy sand ( fig. 4b) . The repeatability for 5TE ranks one of the best among all sensors. In experiment I, the 10HS sensor overall overestimated in both soils, but it underestimated in both soils in experiment II with greater RMSE, indicating poor repeatability. The CS616 (V) and CS616 (H) had good repeatability in both soils. TDR300 had good repeatability in silt loam soil, but poor repeatability in loamy sand with High Clay Mode; while its repeatability was consistent with Standard Mode in loamy sand. The performance of CS620 was poor in both experiments in silt loam soil, but its repeatability was consistent.
SOIL MOISTURE SENSOR PERFORMANCE IN RESPONSE TO NORMAL AND HIGH TEMPERATURE RANGES
In silt loam soil, some sensors responded to high vs. normal temperature ranges differently by over-or underestimating the neutron probe-measured  v in the same soil. Also, the response of the same sensor to high vs. normal temperature differed between the soils. For example, the 10HS sensor overestimated in silt loam soil, while it underestimated in loamy sand soil within the high temperature range (table 6). All other sensors underestimated  v in the high temperature range in both soils, but the degree of underestimation differed substantially for the same sensor between the soils as well as between the sensors within the same soil. The RMSE between sensor-measured  v vs. neutron probemeasured  v of the same sensor also differed substantially between the soils, indicating the impact of soil textural properties on sensor performance response to soil temperature change. For example, the RMSE values in silt ) was observed with the CS616 vertical installation. This is attributed to the fact that with the vertical installation, the CS616 electrodes (rods) were in contact with a greater soil layer/soil area and, in turn, exposed to a greater area of increased soil temperature, thus creating a more pronounced impact of soil temperature on dielectric constant. For the same sensor with horizontal installation, the RMSE was only 0. for horizontal). In general, the RMSE values for all sensors were smaller in loamy sand than in silt loam soil. The order of the RMSE values in terms of lowest to greatest impact of soil temperature on sensor performance (order from least sensitivity to greatest sensitivity) as compared to the normal temperature range in silt loam soil was: 5TE, TDR300 (High Clay Mode), CS616 (H), SM150, TDR300 (Standard Mode), CS620, and CS616 (V).
The impact of high soil temperature range on sensor performance also differed in the loamy sand soil. Unlike silt loam soil, the CS616 (H) had the least influence of soil temperature on its performance with a very small RMSE of 0.006 m 3 /m 3 (table 6). The order of the RMSE values in terms of lowest to greatest impact of soil temperature on sensor performance in loamy sand soil was: 5TE, TDR300 (Standard Mode), SM150, 10HS and CS616 (V). Overall, in the silt loam soil, the difference in sensor-measured vs. neutron probe-measured  v for all sensors under the high temperature range was lower than under normal temperatures conditions, which indicated that the temperature effect tends to increase the sensor-measured  v in the silt loam soil. As shown by Wraith and Or (1999) , in the silt loam soil, the proportion of bound water vs. bulk water is higher than that of loamy sand. Thus, when the temperature was high in silt loam soil, the dielectric constant of the bound water increases, while that of the bulk water decreases. Since there is a high proportion of bound water in the silt loam soil, the combination of temperature effects can be dominated by the effect on bound water. Therefore, the overall dielectric constant of bulk soil increases, which leads to the overestimation of  v by most sensors in silt loam soil. In loamy sand, however, the proportion of bound water vs. bulk water is neither too low nor too high, causing a marginal temperature effect on the dielectric constant of bulk soil in this soil type as observed in current research.
The aforementioned results support the findings of Wraith and Or (1999) , who observed that the measured bulk apparent dielectric constant (or permittivity) of soil (ϵ b ) increased substantially with increasing temperature for silt loam soil for all θ v ranges. For another silt loam soil and for an Oxisol, the measured ϵ b increased with increasing temperature at relatively low θ v , but decreased with increasing temperature at higher θ v . For a sandy loam soil, they observed that the measured ϵ b decreased with increasing temperature for all θ v ranges. They hypothesized that TDR-based ϵ b measurements are determined by interplay between two competing phenomena: (i) the reduction in the dielectric constant of bulk water with increased temperature, and (ii) the increase in TDR-based ϵ b measurements with increased temperature due to the release of bound water. Thus, TDR-measured ϵ b is dependent on solid surface area and wetness. The increase in soil temperature can impose its effect on some of the sensors' performance in silt loam soil, while the influence of temperature on the same sensor(s) in loamy sand may not be as pronounced, as was observed in our research for some of the sensors. In other words, interactions between soil textural and hydraulic properties with the proxies of  v (e.g., dielectric constant) can cause variations between the soils, which can influence the performance of the same sensor in different soils. This effect can be due to the changing of the dielectric constant of bulk soil under different temperature conditions, and may not be due to the operation of the sensors being influenced by the temperature. Seyfried and Murdock (2001) investigated soil moisture sensor calibration in four different soils under varying  v across a 40°C temperature range and observed that sensor calibration was significantly (P<0.05) different for each soil tested and that there was also a significant temperature response for all soils. They also found that the effect of temperature varied with  v and soil type. Both the soil type and temperature sensitivities they observed were probably due to the relatively high electrical conductivity (EC) of the soils tested. They concluded that the water content reflectometry-type sensors (a derivative of TDR) were highly sensitive to soil temperature and that the degree of sensitivity depends on the initial  v of the soil. The sensors were also especially sensitive to the EC of the soil; thus, soil EC and temperature should be accounted for when using these sensors.
RELATIONSHIP BETWEEN SOIL-WATER CONTENT AND SOIL TEMPERATURE DURING THE HEATING PERIOD
To quantify the change in  v response to soil temperature increase, regression analyses were conducted ( fig. 5 for silt loam soil and fig. 6 for loamy sand) for each sensor during the heating period (temperatures above 24°C). Also, a unit ) change in  v for a 1°C increase in soil temperature was quantified for each sensor in both soils and the significance of slope and intercept in the relationships was quantified (table 7) . The performance of TDR300 (High Clay Mode) and CS620 were not evaluated for temperature increase in loamy sand soil. The relationship between sensor performance and increase in soil temperature exhibited substantial variations between the sensors as well as for the same sensor within the same and between the soils. The majority of sensors exhibited a linear response (increase in  v ) to increase in soil temperature. The 5TE showed a strong linear response (R 2 = 0.68) in silt loam soil ( fig. 5a ) and a much weaker response (R 2 = 0.13) in loamy sand ( fig. 6a ). Both the slope and the intercept of the relationships were significant (table 7) The CS616's sensitivity not only differed between the soils, but also by its installation orientation within each soil. In silt loam soil, the sensor was more sensitive (R 2 = 0.34) to soil temperature ( fig. 5f ) and was essentially insensitive in loamy sand (R 2 = 0.0041) ( fig. 6e ) when installed horizontally. However, when it was installed vertically, its sensitivity increased significantly with R 2 = The order of the magnitude of change in  v in response to a 1°C increase in soil temperature from the lowest to the greatest impact of soil temperature on sensor performance in silt loam soil was: SM150, 5TE, TDR300 (Standard Mode), 10HS, CS620, CS616 (H), and CS616 (V). The same order in loamy sand was: 10HS, CS616 (H), 5TE, CS616 (V), SM150, and TDR300 (Standard Mode). Overall, the intercept of the temperature vs.  v was not significant (P>0.05), except for TDR300 (High Clay Content Mode) and CS620 in silt loam soil. The slope was not significant for TDR300 (Standard Mode), TDR300 (High Clay Content Mode), SM150, or CS620. In loamy sand, the intercept of the regression lines was significant (P<0.05) for all sensors. The slope, however, was not significant for only 5TE and CS616 horizontal installation. When the data from all sensors and soils are pooled (i.e., averaging all changes in  v in response to increase in soil temperature in table 7), the average of change in  v for a 1°C increase in soil temperature was 0.21 m
SUMMARY AND CONCLUSIONS
The null hypothesis was rejected as the performances of all sensors were significantly different (P<0.05) from the neutron probe-measured  v and soil temperature had substantial influence on the performance of the sensors. The same sensor performed differently in the low and high  v ranges and all sensors performed better in the high  v range. Sensor  v measurement performance repeatability was consistent for most sensors, but the repeatability for some sensors showed variation between the experiments for the same soil and for the same experiment between the soils. These observed variations should be taken into account when selecting sensors for detailed and highly accurate  v measurements. The response of the same sensor to high vs. normal soil temperature ranges differed between the soils and also within the same soil between the sensors. The RMSE values of the same sensor differed substantially between soils, indicating the impact of soil textural properties on sensor performance with increasing temperatures. The sensor installation orientation also affected the soil temperature impact on sensor performance (e.g., the CS616 sensor vertical installation had 9.5 times greater RMSE with vertical installation than horizontal. The results emphasize the critical importance of soilspecific calibrations of soil moisture sensors for accurate irrigation scheduling and monitoring soil moisture for various other applications. While some of the sensors performed differently between the two experiments, the pooled data calibration equations measured in this research are suggested to be applied to improve sensor performance in the same soils that were investigated in this research. The temperature impact(s) on soil moisture sensor performance should be considered for enhancing the accuracy of soil moisture measurements. Calibration equations measured in this research can provide practical and scientific data to enhance soil moisture measurements when using the same sensors and investigated.
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